When deteriorating asphalt roads are reconstructed or downgraded to gravel roads, the old 3 pavement is ground into reclaimed asphalt pavement using machines conventionally fitted with 4 tungsten carbide teeth for grinding. Tungsten carbide teeth need to be changed frequently, 5 lasting sometimes only one or two days. Diamond-enhanced road milling teeth have been 6 developed to be a more durable alternative. The purpose of this study was to compare the 7 durability of tungsten carbide milling teeth to that of diamond-enhanced milling teeth, as well as 8 measure the effect of tooth type on fuel efficiency and machine vibrations. In the tests 9 conducted, diamond-enhanced milling teeth lasted on average 40 times longer, showed 15% and 10 30% improvements in fuel consumption, and resulted in a 79% reduction in the maximum 11 vibration in a milling machine over tungsten carbide milling teeth. 12 13 INTRODUCTION 14
When deteriorating asphalt roads are reconstructed or downgraded to gravel roads, the old 15 pavement is ground into reclaimed asphalt pavement (RAP) using recyclers, reclaimers, or 16 milling machines. The machines are equipped with rotating drums that conventionally are fitted 17 with tungsten carbide teeth for grinding, as shown in Figure 1 . Each tooth is comprised of a steel 18 shank and body topped with a tungsten carbide tip. They are set obliquely in the milling drum, 19 allowing them to rotate while milling to serve as a self-sharpening mechanism. As each tooth 20 rotates, new sections of the tooth tip are exposed to wear, continually sharpening the tooth until it 21 needs to be replaced. 22 23 24
25
FIGURE 1 Tungsten carbide teeth on a road milling drum. 26 27
1
Tungsten carbide teeth need to be changed frequently. Operators will "spot check" the 2 teeth on the cutting drum at regular intervals during the work day, replacing worn or broken 3 teeth. Teeth are also inspected at the end of the work day and replaced if necessary. A set of 4 teeth on a road reclaimer may last only one or two days (1). 5
Tungsten carbide tooth replacement is a major cost to contractors. In addition to the 6 physical replacement costs, productivity suffers when teeth need to be replaced during the 7 construction day. Downtime becomes particularly costly for road construction or rehabilitation 8 methods that require an equipment train because multiple operators must wait for the necessary 9 teeth replacements before the train can resume operation. 10
Diamond-enhanced road milling teeth have been developed as an alternative to tungsten 11 carbide road milling teeth. The design consists of a conical, polycrystalline diamond (PCD) bit 12 bonded to a tungsten carbide substrate in a high pressure, high temperature process. The PCD is 13 then brazed onto a tungsten carbide body, which in turn is brazed onto a steel body and shank, as 14 shown in Figure 2 . The conical diamond protects the tungsten carbide section from wear, and 15 the tungsten carbide in turn protects the steel from wear. While the literature contains studies modeling tooth wear (2, 3) and discusses abrasion 4 resistance in tungsten carbide alloys (4), it lacks reports of the performance of diamond-5 enhanced teeth for road milling applications from field observation. Therefore, the purpose of 6 this study is to compare the performance of diamond-enhanced teeth to tungsten carbide teeth for 7 road milling applications, examining tooth durability, effect on fuel consumption, and effect on 8 machine vibration. Two tests were conducted to compare the fuel consumption of a milling machine 17 equipped with tungsten carbide teeth versus one equipped with diamond-enhanced milling teeth. 18
In the first test, a machine equipped with tungsten carbide teeth milled the southbound side of a 19 five-mile section of highway for two days. A month later, the same machine was fitted with 20 diamond-enhanced milling teeth to mill the northbound side of the same highway section for two 21 days. Air temperatures were similar during the four testing days. For both tooth types, the depth 22 of mill varied between 1 and 2 in. The weight of RAP and the amount of fuel consumed were 23 measured. Fuel consumption was measured in this test as tons of milled RAP per gallon of fuel. 24
In the second fuel consumption test, 800 ft of Portland cement concrete was milled to a 25 depth of 0.5 inches using a machine equipped with tungsten carbide teeth. were plotted against the number of tungsten carbide teeth that were replaced, as shown in Figure  18 4. The average milling rate ranged from about 7 to 15 tons per tooth. When tooth durability 19 data are combined from all four rotomillers, the average durability rate is 11.0 tons of milled 20 material per tungsten carbide tooth, drawing from a data set that includes about 789,000 tons of 21 milled RAP. 22 23 While the average measured durability of tungsten carbide teeth was 11.0 tons/tooth, the 7 average durability of diamond-enhanced milling teeth from the year 2010 was 442 tons/tooth, or 8 40 times more durable than tungsten carbide teeth. 9 10
Fuel Consumption 11
Both fuel consumption tests suggested that fuel consumption rates are better when 12 diamond-enhanced milling teeth are used. 13
In the first fuel consumption test, tungsten carbide milling teeth were used to mill 896 14 tons of asphalt, consuming 160 gallons of fuel. Diamond-enhanced milling teeth were used to 15 mill 1053 tons of asphalt, consuming 145 gallons of fuel. On average, using tungsten carbide 16 teeth yielded 5.60 tons/gal, and using diamond-enhanced milling teeth yielded 7.28 tons/gal, or a 17 29.9% improvement. 18 Figure 5 shows a graph of these fuel consumption data. The rate of tons/gallon changes 19 half-way in each data set. This change in fuel consumption rate corresponds to the division 20 between the first and second day of milling for each tooth type . The difference in tons/gal 21 according to day could not be obviously attributed to any factor, but may be related to the 22 following factors: a different machine operator was used for the second day of milling with 23 tungsten carbide teeth, worn tungsten carbide teeth were replaced at the beginning of the second 24 day, and the speed of milling varied. Additionally, the depth of mill could have varied from day 25 to day. This last possibility is supported by noting that 157 more tons of asphalt were milled 26 Machine Vibration 4 Figure 7 shows a graph of machine accelerations while milling with each tooth type. 5
After subtracting for gravity, the maximum acceleration using tungsten carbide teeth was 2.8g 6 (90.1 ft/sec 2 ), while the maximum acceration using diamond-enhanced teeth was 0.6g (19.3 7 ft/sec 2 ), or 79% lower. The graph shows that at first the accelerations were similar in intensity. 8
However, as milling continued the tungsten carbide teeth became dull, and some tips broke, 9 leading to greater vibration. The diamond-enhanced milling teeth remained sharp, resulting in 10 consistently lower accelerations. Deteriorated roads are often milled or reclaimed using machines equipped with tungsten 5 carbide milling teeth. These teeth need to be replaced frequently. Diamond-enhanced milling 6 teeth have recently been developed as a durable alternative. Data collected from milling 7 contractors and milling tests were analyzed to compare tooth durability, milling machine fuel 8 consumption, and milling machine vibrations associated with using each tooth type. The latest 9 diamond-enhanced milling tooth design lasted 40 times longer than tungsten carbide teeth in the 10 field, delivered 14.3% and 29.9% improvements in fuel efficiency tests, and yielded 79% less 11 vibration than tungsten carbide teeth in acceleration tests. 12
Further research in this field may examine how tooth type affects productivity. 
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